The electronic and magnetic structures of the tetragonal and hexagonal MnFeAs were examined using density functional theory to understand the reported magnetic orderings and structural change induced by highpressure synthesis. The reported magnetic ground states were confirmed using VASP total energy calculations. Effective exchange parameters for metal-metal contacts obtained from SPRKKR calculations indicate indirect exchange couplings are dominant in tetragonal MnFeAs. Weak direct exchange couplings for adjacent Fe-Fe and Fe-Mn contacts cause the coexistence of several low-energy magnetic structures in tetragonal MnFeAs and result in a near zero magnetic moment on the Fe atoms. On the other hand, the nearest-neighbor Fe-Fe and Fe-Mn interactions in hexagonal MnFeAs are a combination of direct and indirect exchange couplings. In addition, indirect exchange couplings in tetragonal MnFeAs are rationalized by both RKKY and superexchange mechanisms. Finally, to probe the high-pressure-induced phase transition, total energy changes with the change of volume was studied on both tetragonal and hexagonal MnFeAs. ABSTRACT: The electronic and magnetic structures of the tetragonal and hexagonal MnFeAs were examined using density functional theory to understand the reported magnetic orderings and structural change induced by high-pressure synthesis. The reported magnetic ground states were confirmed using VASP total energy calculations. Effective exchange parameters for metal−metal contacts obtained from SPRKKR calculations indicate indirect exchange couplings are dominant in tetragonal MnFeAs. Weak direct exchange couplings for adjacent Fe−Fe and Fe−Mn contacts cause the coexistence of several low-energy magnetic structures in tetragonal MnFeAs and result in a near zero magnetic moment on the Fe atoms. On the other hand, the nearest-neighbor Fe−Fe and Fe−Mn interactions in hexagonal MnFeAs are a combination of direct and indirect exchange couplings. In addition, indirect exchange couplings in tetragonal MnFeAs are rationalized by both RKKY and superexchange mechanisms. Finally, to probe the high-pressure-induced phase transition, total energy changes with the change of volume was studied on both tetragonal and hexagonal MnFeAs.
■ INTRODUCTION
Metal-rich arsenides adopting the tetragonal Cu 2 Sb-type structure (Pearson symbol tP6) are excellent platforms for investigating long-range magnetic order, as seen in the 3d compounds M 2 As (M = Cr, Mn, Fe), 1 and superconductivity, as recently discovered in LiFeAs 2, 3 and NaFeAs. 4, 5 This structure type is relatively simple yet sufficiently complex by having two distinct metal sites in its asymmetric unit to allow first-principles electronic structure calculations of the subtleties of their magnetic order. Results of our previous work on the 3d metal binaries M 2 As 1 indicated that both direct M−M and indirect M−As−M exchange couplings are essential interactions that dictate the specific ground state magnetic structures for each compound. Whether the direct exchange couplings are ferromagnetic (FM) or antiferromagnetic (AFM) could be predicted by analyzing the nature of through-space orbital interactions, i.e., whether they are bonding, nonbonding, or antibonding, near the Fermi level using a Hamilton population analysis. 6 Moreover, the direct metal−metal interactions in these binary compounds can be properly interpreted using a "rigid-band" model on the electronic density of states (DOS). However, ternary 3d dimetal arsenides MM′As (M ≠ M′) like MnFeAs might show results different than predicted from a rigid-band analysis of the binary arsenides because the chemical differences of two different transition metals can substantially perturb the 3d contributions to the DOS, especially near the Fermi energy. Therefore, to obtain a better understanding of the electronic structure and the magnetic ordering of ternary 3d metal arsenides, the ternary compound MnFeAs is investigated by electronic structure theory in this paper.
Two crystallographic phases of MnFeAs have been reported: (1) a tetragonal Cu 2 Sb-type structure (isostructural with LiFeAs and NaFeAs, see Figure 1a ) made under ambient pressure and (2) a hexagonal Fe 2 P-type structure (see Figure  2a ) synthesized at high pressure (p = 3.5 GPa). 7 In both structures, Fe atoms are coordinated by distorted tetrahedra of Magnetic ground state of Mn 2 As 10 and Fe 2 As. 12, 13 Small spheres, large spheres, and black dots represent, respectively, Fe, Mn, and As atoms. Red and blue colors indicate oppositely oriented magnetic moments. 4 As atoms whereas Mn atoms are coordinated by square pyramids of 5 As atoms (geometrical details of both structures are summarized in Table S1 , Supporting Information). Yoshii et al. 8, 9 reported that the tetragonal phase has an AFM ground state (T N = ∼190°C, 463 K) involving a doubled crystallographic c axis. They obtained a local magnetic moment of ±0.2 μ B on Fe (Wyckoff site 2a) and ±3.6 μ B on Mn (2c) site by assuming the magnetic structure was the same as that of Mn 2 As, 10 in which the magnetic moments of adjacent FM metal layers are antiparallel to each other (see Figure 1b) . Their Mossbauer measurement also indicated a very small magnetic moment on the Fe site. Later, Kanomata et al. 11 reported that the magnetic ground state of tetragonal MnFeAs involves ferromagnetic Fe−Fe and Fe−Mn nearest-neighbor interactions, which create FM slabs that are antiferromagnetically coupled by nearest-neighbor Mn−Mn interactions along the c direction, the same magnetic structure as seen in Fe 2 As (see Figure 1b) . 12, 13 Moreover, magnetization and neutron diffraction measurements from Tobola et al. 7 indicated that the tetragonal phase is AFM (T N = 470 K) with a local magnetic moment of ±3.36 μ B assigned to Mn and no significant magnetic moment (0.03 μ B ) on the Fe site. In addition, the AFM arrangement on the Mn site is the same as that assigned for square pyramidally coordinated Mn (or Fe) sites in Mn 2 As 10 (or Fe 2 As 12,13 ), although the tetrahedrally coordinated Mn (or Fe) atoms in Mn 2 As (or Fe 2 As) have significantly larger moments (±3.7 μ B for Mn, ±0.95 μ B for Fe) than the Fe atoms in tetragonal MnFeAs (0.03 μ B ). The hexagonal phase is FM with T C near 190 K (see Figure 2b ). 7 The magnetic moments determined by neutron diffraction are 3.14 μ B and 1.54 μ B on Mn and Fe, respectively. 7 A few electronic structure calculations have been applied to both the tetragonal and the hexagonal MnFeAs phases. 7, 14, 15 In particular, the nonspin-polarized DOS curve calculated using the Korringa−Kohn−Rostoker (KKR) method from Tobola et al. 7 indicated the Fermi energy falls in a deep minimum of the DOS for both tetragonal and hexagonal phases. Spin-polarized KKR calculations gave local moments of 3.13 μ B and 1.10 μ B , respectively, on Mn and Fe sites for FM hexagonal MnFeAs, but for tetragonal MnFeAs it was ±3.42 μ B on Mn and no moment on Fe sites for an AFM ordering (AFM nearestnneighbor and FM third nearest-neighbor Mn−Mn coupling), and 3.44 μ B and 0.62 μ B , respectively, on Mn and Fe for a FM ordering. Motizuki et al., 14 who examined a series of Cu 2 Sbtype compounds using a Hubbard-type model, reported that the bonding nature of the electronic bands near the Fermi level as well as the presence of a nesting effect of the Fermi surface play an important role to develop the different magnetic orderings in the tetragonal Cu 2 Sb-type compounds. For the hexagonal phase, Liu et al. 15 evaluated the exchange interactions between Fe and Mn (+0.66 mRy, +8.98 meV), within the Fe layer (−0.44 mRy, −5.98 meV), and within each Mn layer (+0.38 mRy, +5.17 meV). However, the high pressure induced structural change, the small moment on the Fe site in tetragonal MnFeAs, and the origins of the resulting magnetic ordering in MnFeAs were not studied. Therefore, to get a better understanding of the electronic and magnetic structures of MnFeAs as well as the tetragonal-to-hexagonal structural transition under pressure, we conducted a broad computational study. Total energy calculations are employed to identify the most electronically favorable magnetic structures for each phase. In addition, pairwise effective exchange parameters are evaluated for both tetragonal and hexagonal phases to identify the exchange couplings. The nature of nearest-neighbor direct exchange couplings, i.e., either FM or AFM, was predicted by analysis of the corresponding crystal orbital Hamilton population (COHP) curves. 6 Indirect exchange couplings were analyzed by superexchange and RKKY interactions. Finally, the structure change under pressure was studied by examining the variation of total energy with volume.
■ COMPUTATIONAL DETAILS
To investigate the magnetic orderings and electronic structures of tetragonal and hexagonal MnFeAs, a combination of computational methods was employed. Total energies of different magnetically ordered structures of both tetragonal and hexagonal MnFeAs were evaluated using the projector augmented wave method (PAW) of Blochl 16, 17 coded in the Vienna ab initio simulation package (VASP). 18, 19 All VASP calculations employed the generalized gradient approximation (GGA) with exchange and correlation treated by Perdew− Burke−Enzerhoff (PBE). 20 For tetragonal MnFeAs, besides the 12 possible magnetic structures using an a × a × 2c supercell that were examined for binary M 2 As, 1 namely, ferromagnetic (FM), ferrimagnetic (Fi1), and 10 antiferromagnetic (AF1-AF10) structures 1 (see Figure S1 , Supporting Information), two additional AFM structures, AF11 and AF12, were constructed based on the magnetic structure of NaFeAs 5 using a 2a × 2a × 2c supercell as well as one additional ferrimagnetic ordering (Fi2) with FM Fe square nets and AFM coupling between nearest Mn−Mn contacts (see Figure 3 ). In both AF11 and AF12 magnetic structures, each square net of Fe atoms is FM along [110] and AFM along [11̅ 0] directions, as well as the same type of Mn ordering as AF4. The only difference is that Fe···Fe interlayer coupling for AF11 is FM but AFM for AF12. For numerical consistency, the total energies of the other lowest energy magnetic structures (AF3 and AF4) were also evaluated using a 2a × 2a × 2c supercell. The cutoff energy for the plane wave calculations was set to 500 eV, and meshes of 9 × 9 × 3 (for the a × a × 2c supercell) and 5 × 5 × 3 (for the 2a × 2a × 2c supercell) k points were used for integrations involving the irreducible wedge of the tetragonal Brillouin zone. For the hexagonal structure, FM, Fi1 (AFM coupling between Fe and Mn sites), and Fi2 magnetic structures (see Table 3 ) using 2a × 2a × c supercells were examined. The cutoff energy for the plane wave calculations was also set to 500 eV, and meshes of 4 × 4 × 7 k points were used for integrations involving the irreducible wedge of the hexagonal Brillouin zone. Because the functionals utilized in "standard" density functional theory (DFT)-based calculations often underestimate the on-site Coulomb interaction between electrons, especially for d electrons, one type of correction is to introduce a Hubbard on-site repulsion U parameter in DFT, i.e., DFT +U. 21 To assess the electron correlation associated with the 3d states of transition metal atoms in MnFeAs, the DFT+U method within VASP was applied to the magnetic ground states of both the hexagonal and the tetragonal phases to obtain local moments. The results are listed in Table S2 , Supporting Information. In all cases, regardless of the size of the U parameters, no energy gaps in the DOS occurred. For the hexagonal phase, an increase of the U parameter at Mn causes a dramatic decrease of moments on Fe sites. For the tetragonal phase, the magnetic moments at both Fe and Mn sites increase as the on-site U parameters increase. Even for a U parameter as small as 0.5 eV on both Fe and Mn Fe sites converge to an exceptionally large moment (1.76 μB) on Fe, which significantly disagrees with the results of experiment. 7 In addition, our previous work 1 on tetragonal, binary M 2 As (M = Cr, Mn, Fe) compounds included an evaluation of the magnetic ground state of Mn 2 As using various Hubbard U parameters (including U = 0 eV). These results suggested that DFT applied with either a small U parameter (U < 0.4 eV) or a large U parameter (U > 2.1 eV) at all Mn atoms reproduced the experimental magnetic ground state of Mn 2 As. On the basis of the above outcomes, we decided to evaluate the electronic structures and assess the magnetic ground states of MnFeAs without including any Hubbard on-site repulsion parameters.
The effective metal−metal exchange parameters in each ground state magnetic structure were evaluated using the spinpolarized, relativistic Korringa−Kohn−Rostoker (SPRKKR) package 22 with GGA-PBE as the exchange and correlation corrections and 500 k points in the Brillouin zone. The COHP curves for various interatomic contacts were evaluated using the Stuttgart version of the tight-binding, linear muffin-tin orbital (TB-LMTO) method with the atomic spheres approximation. 23−27 Within TB-LMTO, exchange and correlation were treated using the von Barth−Hedin local density (LDA) and local spin density approximation (LSDA). 28 All relativistic effects except spin−orbit coupling were taken into account using a scalar relativistic approximation. 29 The basis sets include 4s and 4p wave functions for As, 3d, 4s, 4p wave functions for Mn and Fe, and 1s wave functions for an empty sphere (E) located at the Wyckoff site 2b (0, 0, 1/2) for the tetragonal structure and site 3g (0.6950, 0, 1/2) for the hexagonal structure of the crystallographic unit cell. The As 3d and E 2p and 3d orbitals were treated by the Loẅdin downfolding technique. 30 Sets of 12 × 12 × 8, 12 × 12 × 4, and 12 × 12 × 12 k points in the corresponding irreducible wedges of the Brillouin zones were used for integrations over crystallographic tetragonal unit cells, tetragonal cells doubled along the c axis, and hexagonal unit cells, respectively.
Metal Atom Site Preferences in MnFeAs. There are two inequivalent metal sites in the structures of both tetragonal and hexagonal MnFeAs: (1) M1 sites that are tetrahedrally coordinated by As atoms and (2) M2 sites that are square pyramidally coordinated by As atoms. Therefore, each structure has two limiting site preferences for Mn and Fe atoms (Mn at M1, Fe at M2 or Mn at M2, Fe and M1). This choice of how a structure is decorated by different atoms is called the "coloring problem", and the optimal result is influenced by optimizing the sum of the site energy term and the bond energy term of the total electronic energy. 31 Experimental results 7−9 on MnFeAs indicate that Fe atoms occupy M1 sites and Mn atoms occupy M2 sites in both structures. Nonspin-polarized total energy calculations using VASP give results that are consistent with experiment: (i) for the tetragonal case, the arrangement with Fe atoms on the M1 sites is 33.2 meV/fu lower than the alternative distribution (Fe atoms on the M2 sites), and (ii) for the hexagonal structure, placing Fe atoms on the M1 sites is 152.8 meV/fu lower than the alternative. To examine the site energy term of the total electronic energy in MnFeAs, a Bader charge analysis was completed for the binary 3d metal arsenides Cr 2 As, Mn 2 As, and Fe 2 As (M 2 As) in which identical atomic potentials are placed at the M1 and M2 sites in both structure types. The experimental crystal structures of M 2 As were used for the tetragonal case, 32 but for the hexagonal one, hypothetical structures optimized without spin polarization from the experimental structure (see Table S1 , Supporting Information) of MnFeAs 7 were used. According to the results of this Bader charge analysis (see Table S3 , Supporting Information), the valence electron population at the M1 site is always larger by ∼0.2e
− than that at the M2 site to suggest that atoms richer in valence electron, i.e., Fe over Mn, prefer the tetrahedrally coordinated M1 sites, a result that is consistent with experimental observations. The bond energy term was examined by evaluating the total integrated COHP (ICOHP) values over all interatomic contacts less than 4.00 Å for each structure type and with both site preference options (see Table S4 , Supporting Information). In the tetragonal structure, the coloring with Fe on the M2 site and Mn on the M1 site yields the lower total ICOHP value than the reversed coloring scheme, a result indicating that Fe on the M2 site is favorable in terms of the bond energy term. For the hexagonal phase, the scheme with Fe on the M1 site and Mn on the M2 site has the lower ICOHP value than the alternative. Therefore, site energy and bond energy terms compete in the tetragonal phase, and site energy influence is greater than the bond energy. In the hexagonal phase, both site energy and bond energy direct Fe atoms toward the M1 sites and Mn atoms toward the M2 sites. This energy partitioning also rationalizes the stark contrast in the total energy differences between the two arrangements in each structure type.
Magnetic Ordering in Tetragonal MnFeAs. Total energy calculations of the 12 magnetic structures listed in Figure S1 , Supporting Information, yielded the ground state magnetic structure for tetragonal MnFeAs to be ordering AF4, which is the same as the ground state magnetic structure of Fe 2 As, in qualitative agreement with Kanomata et al.'s results. 11 The calculated magnetic moments at the Mn sites (±3.29 μ B fom VASP, ± 3.27 μ B from LMTO, and ±3.47 μ B from SPRKKR, see Table S5 , Supporting Information) are similar to the experimental refinements (±3.36 μ B ) 7 and larger than those calculated at the Fe sites (±0.71 μ B fom VASP, ± 0.63 μ B from LMTO, and ±0.57 μ B from SPRKKR, see Table S5 , Supporting Information), but these values disagree with the assigned magnetic moments at Fe (0.03 μ B ) from neutron diffraction. 7 Yoshii et al. 9 obtained a local magnetic moment of ±0.2 μ B on the Fe site and ±3.6 μ B on the Mn site by assuming the magnetic structure was the same as that of Mn 2 As, i.e., model AF3 in Figure S1 , Supporting Information, although the calculated moment on Fe is much larger (±1.02 μ B ). Among the 12 magnetic structures, model AF3 is closest in energy to AF4, lying just 13.6 meV/fu (∼158 K/fu) above AF4, whereas all others either are greater than ∼43.1 meV/fu (∼500 K/fu) or converge to AF4. Models AF4 and AF3 both have FM Fe−Fe (M1−M1) and AFM Mn−Mn (M2−M2) nearest-neighbor interactions but differ in Fe−Mn (M1−M2) exchange: FM for AF4 and AFM for AF3. In light of the magnetic ordering reported for NaFeAs, 5 two additional AFM models (AF11 and AF12) and one ferrimagnetic model (Fi2) were also surveyed (see Figure 3) . According to VASP total energy calculations, the energies of these three magnetic structures lie between those for models AF4 and AF3. Thus, tetragonal MnFeAs has five low-energy magnetic structures, namely, AF4, AF11, AF12, Fi2, and AF3, all falling within ∼12 meV/fu (∼140 K/fu) of each other (see Figure 3) Because of the potential coexistence of these five low-energy magnetic structures, it is possible that below the Neél temperature (470 K), the Mn sites remain magnetically ordered but randomly ordered moments, akin to a "paramagnetic" state, develop at the Fe sublattice, an effect which causes the assignment of near zero moments at the Fe sites in tetragonal MnFeAs.
To gain further insights about the spin exchange interactions leading to the multiple low-energy magnetic structures and a small moment on the Fe site in tetragonal MnFeAs, effective exchange parameters for nearest-neighbor and next-nearestneighbor metal−metal contacts were evaluated using the SPRKKR code. These results are summarized in Table 1. The two shortest contacts, Fe−Fe (M1−M1) and Fe−Mn (M1−M2), involve significant orbital overlap and may be classified as primarily direct exchange pathways. The two longer contacts in Table 1 , including nearest-neighbor Mn−Mn contacts and Mn−Mn contacts across the square net of Fe atoms, may be identified as primarily indirect exchange pathways, although some direct exchange may participate between the nearest-neighbor Mn−Mn contacts. According to the results in Table 1 than 14 times weaker, which can lead to the coexistence of many low-energy magnetic structures, consistent with the VASP total energies of models AF4, AF11, AF12, Fi2, and AF3. The LDA DOS curve of tetragonal MnFeAs was also calculated, and the interatomic orbital interactions were analyzed using COHP curves (see Figure 4) to provide some additional insights into its ground state magnetic structure. The DOS features a ∼6 eV wide 3d band (between −3 and +3 eV), below which are found As-rich Fe−As and Mn−As bonding states (energies < −3 eV; see also Fe−As and Mn−As COHP curves in Figure S2 , Supporting Information). Within the 3d band, Fe states dominate toward low energy whereas Mn states dominate toward high energy, in accord with their relative electronegativities. The Fermi level (E F ) at 0 eV falls in a deep, narrow pseudogap of the DOS curve, states which are analyzed as weakly Fe−Fe and Fe−Mn antibonding. The corresponding COHP curve for the nearest-neighbor Mn−Mn interactions show these states to be exactly nonbonding because E F lies at the crossover between Mn−Mn bonding (below E F ) and antibonding (above E F ) interactions. Although the antibonding nature of the Fe−Fe and Fe−Mn interactions at E F would indicate potential FM exchange coupling, the pseudogap at E F does not imply a strong electronic instability. At best, the Fe− Fe and Fe−Mn exchange interactions should be weak, which they are according to the results in Table 1 . In fact, the Fe−Mn interaction is weakly AFM. The resulting LSDA DOS and COHP curves (see Figure S3 , Supporting Information) for the calculated magnetic ground state model AF4 indicate that the resulting Fermi level now lies in a somewhat broader pseudogap that is characterized by two significant features: (1) optimum Fe−Mn orbital interactions as measured by the integrated COHP (ICOHP) value and (2) a sharp peak (resulting from near dispersionless bands along c*) arising from Fe−Fe π-antibonding orbitals. Thus, adoption of AF4 as the ground state magnetic structure provides means to optimize heterometallic Fe−Mn bonding without disrupting the overall structural symmetry.
During our previous computational study of binary dimetal arsenides M 2 As (M = Cr, Mn, Fe) 1 we saw that the nature of the direct metal−metal interactions followed a "rigid-band" behavior. Using the "rigid-band" approximation ( Figure 12 in  ref 1) , MnFeAs was predicted to have the same magnetic ground state as Mn 2 As, i.e., model AF3 in Figure S1 , Supporting Information, which is inconsistent with the experimental assignment, 11 although AF3 is among the five low-energy magnetic structures determined by VASP for MnFeAs. To examine the difference between ternary and binary dimetal arsenides, a hypothetical compound "T 2 As" (T = a hypothetical transition metal atom with 25.5 electrons) was studied using LDA TB-LMTO calculations on the experimental structural coordinates of tetragonal MnFeAs (see Table S1 , Supporting Information) but with T replacing Mn and Fe. The resulting electronic band structures of "T 2 As" and MnFeAs are shown in Figure 5a . The most significant difference involves four bands (two pairs of doubly degenerate bands) near E F at Γ, bands that involve (xz, yz) orbitals of T or Mn and Fe and that show opposite dispersion along Γ−Z (c*; emphasized in red). In T 2 As, these bands are close in energy just above E F ; in MnFeAs, the effective electronegativity difference between Fe and Mn separates these two pairs of bands so that one pair drops below E F and now creates a gap in the electronic structure along the c* directions (Γ−Z, X−R, M−A in Figure  5a ) for MnFeAs but not for T 2 As. Also, at X points, one pair of these bands falls right on E F in T 2 As but above E F in MnFeAs. Therefore, the chemical differences involving mixed transition metals (viz., effective nuclear charges) in MnFeAs disrupts a "rigid-band" approach to rationalize the resulting magnetic structures. 33−37 The final aspect concerns the distinctly larger Mn−Mn couplings, which occur at distances exceeding 3.3 Å and we assign as largely indirect interactions. In general, there are two types of indirect magnetic couplings, namely, RKKY and superexchange interactions. 38−42 The nature of RKKY interactions is determined by the density of conduction electrons and metal−metal distances; 38, 39 so, if the indirect coupling is very sensitive to distance, it could be a RKKY-type interaction. In contrast, the nature of superexchange interactions between metal atoms is controlled by their orbital overlap with a shared (bridging) ligand. 38−42 Changing the metal−ligand−metal bond angle will affect the metal−ligand orbital overlap and the subsequent superexchange. Therefore, to investigate the indirect Mn−Mn magnetic couplings in tetragonal MnFeAs we evaluated and compared the total energies of 4 specific magnetic models (AF3, Fi1, Fi2, and Fi3; shown in Table 2 ) adopting 4 different geometrical distortions against the experimental structure with a exp = 3.7425 Å, c exp = 6.0292 Å, and z exp (As) = 0.744. Of the four geometrical distortions, two were chosen to evaluate the distance effects on all metal−metal exchange couplings by expanding each lattice constant by a factor of γ = 1.02 (6% volume increase) or γ = 1.05 (16% volume increase); the other two distortions kept the experimental unit cell but allowed the z coordinate of the As positions to vary such that the Mn−As−Mn angle between nearest-neighbor Mn atoms changed from its experimental value of 80.2°to 85.0°and 90.0°(see Table S6 , Supporting Information, for a summary of the structural parameters). The 4 magnetic models, although none being the calculated ground state AF4, were selected to examine specific Mn−Mn indirect exchange pathways while keeping all other direct exchange couplings consistent. Thus, a comparison of AF3 and Fi1 focuses on changing the nearest-neighbor Mn−Mn exchange; that of Fi2 and Fi3 focuses on changing Mn−Mn exchange across the square net of Fe atoms (third nearest-neighbor exchange). The types of the various direct and indirect exchange couplings for each model are also summarized in Table 2 .
From the results in Table 2 the energy differences between Fi1 and AF3 do not change very much by varying the volume of the crystal structure, indicating that nearest-neighbor Mn−Mn coupling is not very sensitive to the Mn−Mn distance: 3.333 Å (Exp.) → 3.399 Å (γ = 1.02) → 3.499 Å (γ = 1.05). However, on changing the Mn−As−Mn angle from 80.2°to 90°, Fi1 becomes more stable than AF3, so that nearest-neighbor Mn− Mn coupling prefers to be FM rather than AFM. This sensitivity to Mn−As−Mn angle suggests that nearest-neighbor Mn−Mn coupling is primarily superexchange coupling. On the other hand, the third nearest-neighbor Mn−Mn exchange interaction is sensitive to both interatomic distance (4.799 Å → 4.895 Å → 5.039 Å) as well as the Mn−As−Mn angle (99.8°→ 95.0°→ 90.0°). Thus, the second nearest-neighbor Mn−Mn exchange interaction, which occurs across the square net of Fe atoms, is a combination of RKKY and superexchange interactions.
Since we have seen that the direct exchange couplings (Fe− Fe and Fe−Mn) are rather weak compared to the indirect exchange couplings (Mn−Mn) in tetragonal MnFeAs, a change in structure could significantly alter the magnetic ordering in MnFeAs. In particular, Kanomata 11 et al. claimed that Fe 2.1−x Mn x As (1.29 ≤ x ≤ 1.52) showed a ferrimagnetic to AFM phase transition along with an abrupt increase of the a/c ratio. Compounds undergoing a first-order structural and magnetic phase transition can lead to giant magnetic-fieldinduced entropy changes across their ordering temperatures. In fact, Fe 0.8 Mn Table S5 , Supporting Information) at Mn, which is quite similar to the experimental value 3.14 μ B . 7 The effective pairwise exchange parameters listed in Table 1 To examine these exchange couplings and the overall FM ground state of hexagonal MnFeAs in more detail, the LDA electronic structure was calculated and nearest-neighbor orbital interactions were analyzed using COHP curves, which are shown in Figure 6 . The DOS curve is qualitatively similar to that of tetragonal MnFeAs, although the Fermi level falls at the top of a ∼0.2 eV wide pseudogap. According to the COHP analysis, the states at E F are antibonding for all near-neighbor Fe−Fe, Fe−Mn, and Mn−Mn interactions, a result that is consistent with FM magnetic coupling. The only apparent disagreement is with AFM Fe−Fe exchange. However, a comparison of ICOHP values (see Table S4 , Supporting Information) for the nearest-neighbor Fe−Fe bonds in tetragonal and hexagonal MnFeAs reveals that this bond may be significantly weaker in the hexagonal structure (ICOHP = −0.688 eV/bond; distance = 2.738 Å) than in the tetragonal structure (ICOHP = −1.221 eV/bond; distance = 2.646 Å). Therefore, it is possible that Fe−Fe exchange coupling in hexagonal MnFeAs involves a combination of direct and indirect pathways to result in an effective, local AFM Fe−Fe interaction.
To investigate this surprising AFM Fe−Fe exchange coupling, the total energies and effective exchange parameters of the three magnetic models, FM, Fi1, and Fi2, were evaluated for three additional scalings of the lattice parameters: γ = 0.98, 1.02, and 1.05 (see Table S7 , Supporting Information). Because the As atoms occupy special positions with no degrees of freedom in the unit cell, it was not possible to examine shifts in the As positions to modify M−As−M angles as was accomplished for tetragonal MnFeAs. Upon increasing the unit cell volume, the Fe−Fe distance increases, the states at E F remain Fe−Fe antibonding, while the effective exchange parameter J Fe−Fe becomes more negative. Although analysis of the Fe−Fe COHP curves would suggest FM Fe−Fe coupling, the stronger AFM Fe−Fe coupling indicates a greater contribution from indirect exchange via bridging As or Mn atoms. In addition, one of the Fe−Mn exchange couplings, viz., the one with the shorter interatomic distance (see Table S7 , Supporting Information), changes from FM to AFM on increasing lattice parameters. Likewise, the energy difference between models Fi1 or Fi2 and FM steadily decrease (see Table  3 ), also suggesting a greater contribution from Fe−Mn indirect coupling via bridging As or Fe atoms. Thus, in hexagonal MnFeAs, nearest-neighbor Fe−Fe and Fe−Mn magnetic exchange interactions involve both direct and indirect pathways.
Pressure Induced Tetragonal−Hexagonal Phase Change. According to Tobola et al., 7 tetragonal MnFeAs (V cell = 42.22 Å 3 /fu) was made under ambient pressure and hexagonal MnFeAs (V cell = 40.64 Å 3 /fu) was synthesized at high pressure (3.5 GPa). An evaluation of the total energies (E TOT ) vs volume for both structures using nonspin-polarized and spin-polarized VASP calculations shows that the tetragonal phase has a larger equilibrium volume than the hexagonal phase (see Figure 7 ). This result is consistent with the experimental observation.
There is a difference, however, between the computational results with and without spin polarization: without spin polarization, tetragonal MnFeAs is the predicted structure, with a transition to hexagonal MnFeAs at ∼23 GPa, which is ∼7 times the applied pressure of 3.5 GPa used to obtain this phase. On the other hand, with spin polarization, the FM hexagonal phase has a lower total energy at lower volume than the AFM (AF4) tetragonal phase. Although a clear understanding of this transition requires further evaluation and analysis of the electronic structures of various forms of MnFeAs, the results in Tables 3 suggest an intriguing situation, that is, upon expanding the unit cell parameters of hexagonal MnFeAs, the ferrimagnetic model Fi2 becomes energetically favored over the ferromagnetic model FM. Model Fi2 shows FM Fe−Fe and Mn−Mn nearest-neighbor exchange but a mixture of FM and AFM Fe−Mn exchange interactions. Furthermore, the hexagonal symmetry is broken by the ordering of local magnetic moments, creating an orthorhombic magnetic unit cell. Thus, the apparent increase in magnetic frustration involving both Fe−Fe and Fe−Mn interactions as the volume increases strongly suggests that a structure different from the hexagonal one would become favorable at larger volumes (lower pressures).
■ CONCLUDING REMARKS
First-principles electronic structure calculations were employed on tetragonal and hexagonal MnFeAs to examine their magnetic structures and phase transition under high pressure. Total energy calculations using VASP confirmed the magnetic ground state to be model AF4 (see Figure 3) 
